Early geodynamic processes modeled the surface of the Earth, providing suitable environments and energy sources for the development of life. Studying the ancient biogeochemical cycles is thus a valuable way to understand the physicochemical conditions of the early environments, such as the redox state of the primitive oceans and the atmosphere. To investigate early biogeochemistries, the measurement of stable isotopes of S, N, and C from ancient sedimentary rocks is crucial. Here we review the sulfur and nitrogen isotopic signatures measured in Archean rocks that suggest the antiquity of sulfate-reducing bacteria and chemolithotrophs living in a low-oxygen environment.
1 sulfur, or nitrogen usually have a signature distinct from that of non-biological processes [e.g., Schidlowski et al., 1983; Boyd, 2001] . In this paper, we will briefly review the biochemical processes of isotopic fractionation during sulfate reduction as well as that of nitrogen in modern marine and hydrothermal settings. In combination with isotopic records from Archean sedimentary rocks, we will then discuss the antiquity of these metabolic processes and their implications for early evolution of the oceans and atmosphere.
SULFUR

Microbial Sulfate Reduction and Isotopic Fractionation
2.1.1. Biochemical processes. Microbial sulfate reduction is an energy-yielding metabolic process during which sulfate is reduced and sulfide is released, coupled with the oxidation of organic matter or hydrogen (H 2 ):
INTRODUCTION
The interest in studying ancient biogeochemistries is twofold. The first, the recognition and understanding of ancient primitive metabolic pathways, is imperative for the reconstruction of the tree of life. The second, the evolution of biogeochemical cycles, is directly related to the physicochemical characteristics of the terrestrial reservoirs, such as the redox state of the atmosphere and the oceans. Understanding Archean metabolic pathways and biogeochemical cycles not only will yield coherent information about the state of the Archean Earth, but also will shed light on the geodynamic processes that modeled these ancient environments. In order to investigate early metabolisms, there are three possible pathways, including searching for microfossils, extracting molecular fossils, and measuring stable isotopes from ancient sedimentary rocks. Among them, the measurement of stable isotopes can be taken as a biomarker because biological isotopic fractionations of carbon, These energy-yielding reactions are carried out by several groups of prokaryotes that use them to obtain energy for growth and maintenance [e.g., Widdle, 1988] . The biochemical processes of dissimilatory sulfate reduction can be divided into two major steps (Figure 1 ), though the actual biochemical pathway may be more complicated and variable among microbial species [Widdel and Hansen, 1992] . The first step is endergonic reduction to sulfite catalyzed by soluble enzymes (steps 1-3) and this is reversible, which may allow kinetic isotopic effects to be expressed during sulfite reduction [Rees, 1973] . The second step involves exergonic sulfite reduction to sulfide catalyzed by membrane-bound enzymes (step 4) ( Figure 1 ). It has been shown that the uptake of sulfate into the cell and then reduction [ok? or what action by the enzyme?] by ATP sulfurylase is associated with only small fractionations [Rees, 1973] . However, reductive processes in the cytoplasm are accompanied by large fractionations, because APS reduction to sulfite and sulfite reduction to sulfide involve the breaking of S-O bonds. During these processes, the lighter sulfur isotope ( 32 S) tends to react faster than heavier sulfur ( 34 S) because the bonding energy of 32 S-O is less than for 34 S-O and thus breaking the 32 S-O bond is easier. Hence, the product H 2 S is enriched in 32 S and depleted in 34 S.
Isotopic fractionation.
Isotopic fractionation during sulfate reduction by pure cultures have shown large fractionations, ranging from 2‰ to 49‰ [e.g., Chambers and Trudinger, 1979; Bollinger et al., 2001] (Figure 2 ). The considerable variations in isotopic fractionations may be controlled by many factors, such as sulfate concentration, electron donor, temperature, specific rate of sulfate reduction, and growth conditions [Chambers and Trudinger, 1979] . Importantly, Detmers et al. [2001] discovered that sulfate reducers that oxidized the carbon source completely to CO 2 show greater fractionation than those that release acetate as the final product of carbon oxidation during sulfate reduction. Moreover, Detmers et al. [2001] demonstrated that there is no relationship between phylogenetic positions, as measured on the 16S rRNA Tree of Life, and isotopic fractionation. Even the deepest branching shows fractionations similar to those of more recently evolved groups. Hence, it is likely that ancient sulfate-reducers fractionated isotopes in a similar way as their modern counterparts do.
Recent work has shown that natural populations of sulfatereducers produce fractionations comparable to those of pure cultures, with an upper limit of 45‰ [Habicht and Canfield, 1997] . With non-limiting sulfate, minimum fractionations are rarely lower than 10‰ in sediments, unless excess organic substrate is added [Böttcher et al., 1997] . So, it is likely that in natural environments with abundant supply of sulfate, the sulfides are isotopically fractionated by 10-40‰ relative to the sulfates.
However, the metabolic activities of sulfate-reducers in the deep biosphere might be different from those in near-surface environments. Coexisting dissolved sulfide and sulfate from hypersulfidic interstitial waters in deep subsurface ocean sediments show unusually large fractionations, up to 70‰ [Wortmann et al., 2001] , which is consistent with modeling result of pore-water sulfate in deep marine sediments [Rudnicki et al., 2001] (Figure 2 ). Hence, we are left with the challenge to understand the mechanisms of isotopic fractionation during sulfate reduction in poorly known environments; these may provide new insights into our interpretation of biogeochemical records of S isotopes over geological history.
Preservation of the Isotopic Record
Microbial sulfate reduction produces large amounts of free H 2 S, which mostly reacts with heavy metal ions, mostly iron [Berner, 1984] :
The metastable iron sulfides produced can react with intermediate sulfur species such as elemental sulfur or S x 2− to form pyrite [e.g., Wilkin and Barnes, 1996] :
Alternatively, pyrites can be formed through the oxidation of FeS, during which H 2 S acts as the oxidizing agent [Drobner et al., 1991; Rickard, 1997] :
The isotopic fractionation associated with pyrite formation from dissolved sulfide at low temperatures is <1‰ [Price and Shieh, 1979] . Thus, primary isotopic signatures of sulfate reduction can be preserved in metal sulfides in sedimentary rocks (Figure 3) . Therefore, the S-isotope signature of sedimentary sulfides can be a powerful tool for studying early life and environment.
Archean S-Isotopic Record
The oldest terrestrial S-isotopic records are from metamorphosed and deformed ferruginous rocks in the Isua Supracrustal Belt, Greenland (~3.8 Ga), which show a narrow range with an average of +0.5‰ ± 0.9‰ [Monster et al., 1979; Strauss, 2003] (Figure 4 ). With few exceptions, sedimentary sulfides between 3.8 and 2.8 Ga are characterized by similarly narrow ranges, with isotopic compositions of -5‰ to +10‰ around an inferred d34S of coeval seawater sulfate of about +3-5‰ (Figure 4 ). In contrast, sedimentary sulfides in the ~2.7-Gyr-old Michipicoten and Woman River Iron Formations in Canada as well as in the Manjeri Formation in the Belingwe Belt in Zimbabwe are distinctly shifted to the negative, with d34S values as low as -19.9‰ and widely spread [Goodwin et al., 1976; Grassineau et al., 2001] SHEN ET AL. 3 [Monster et al., 1979; Strauss, 2003];  3.46 Ga North Pole barite deposite (a: Lambert et al. [1978] ; b: Shen et al. [2001] ); ~2.8 Ga sedimentary rocks [Donnelly et al., 1977] ; ~2.7 Ga sedimentary rocks (a: Goodwin et al. [1977] ; b: Grassineau et al. [2000] ). The dashed line represents a probable S-isotopic value of the early Archean seawater sulfate. Note that the geological time is not on scale.
( Figure 4) . Thus, the d34S distributions of these sedimentary sulfides provide compelling evidence that microbial sulfate reduction had evolved by 2.7 Ga [Goodwin et al., 1976; Grassineau et al., 2001] .
Though microbial sulfate reduction had evolved by 2.7 Ga, the interpretations of the small fractionations and narrow range of S-isotope values from older rocks remain controversial. The minimally fractionated early Archean sulfides have been attributed to either biological sulfate reduction at low sulfate concentrations, implying poorly oxygenated oceans, or a non-biological volcanogenic origin, implying sulfate reducers had not yet evolved [Cameron, 1982; Walker and Brimblecombe, 1985; Canfield and Raiswell, 1999] . By contrast, the competing model argued that the small fractionations of early Archean sulfides were formed by active biological sulfate reduction in warm and oxygenated Archean oceans [Ohmoto and Felder, 1987; Ohmoto et al., 1993] . If the model of low sulfate concentration in the early Archean oceans is correct, some isolated sulfate-rich Archean basins must have produced large fractionations between sulfate and sulfides. Indeed, there are relics of some isolated sulfate-rich basins in the early Archean geological record [e.g., Lambert et al., 1978; Buick and Dunlop, 1990] . Apparently, these isolated sulfate-rich sedimentary environments are excellent targets for investigating the metabolism of microbial sulfate reduction early in Earth's history.
A New Window on Antiquity of Microbial Sulfate Reduction
2.4.1. Geological setting. One of the best-known sites of sulfate-rich sedimentation in the early Archean is at an area in northwestern Australia named North Pole. The rocks there belong to the >3.46 Ga Warrawoona Group, a predominantly basaltic unit about 10 km thick [Buick et al., 1995] . The rocks are remarkably well-preserved and have generally undergone only low-strain brittle deformation . Pillow margins from drill-core contain prehnite and pumpellyite or epidote and actinolite as prograde mineral assemblages, indicating peak metamorphic grades of prehnite-pumpellyite to lowermost greenschist facies .
The best developed sulfate deposit is in the basal unit of the Dresser Formation, which is ~40 m thick. In this, and in all other sedimentary horizons within the Warrawoona Group at North Pole, original sedimentary minerals have been largely replaced by hydrothermal silica, now chert. However, primary textures and structures are in places perfectly preserved, defined by inclusions of original iron-titanium oxides, by metamorphic sericite and chlorite replacing original volcanic glass, or by microinclusions of dolomite after original carbonates . Large sulfate crystals are now composed of barite (BaSO 4 ). Small sulfate crystals have been totally replaced by silica, now microquartz. Some of those intermediate in size have a barite core and a microquartz rind, and all of the large barite crystals have been silicified marginally to a depth of 1-2 mm [Buick and Dunlop, 1990] .
Interfacial angle measurements on the diagenetic crystals show that they were initially composed of gypsum (CaSO 4 ⋅2H 2 O) that grew before lithification, as indicated by their cores of incorporated sediment [Lambert et al., 1978; Buick and Dunlop, 1990] . Primary sulfate crystals precipitated in the back-barrier brine ponds, forming lenticular beds up to 0.5 km in lateral extent and up to 10 m thick. Individual layers of sulfate crystals (now dark-gray barite) are up to 15 cm thick, composed of bottom-nucleated sub-radiating fans of bladed hemipyramids [Buick and Dunlop, 1990] . That gypsum was indeed primary is confirmed by the presence on the draped interfaces of broken, eroded, and rounded crystals filling interstices between protruding crystal fans [Buick and Dunlop, 1990; Shen and Buick, 2004] .
Barite replacement of gypsum occurred soon after diagenesis began and shortly after burial by the overlying basalts, as shown by the perfect preservation of crystal morphologies of the highly soluble phase gypsum. The most likely barium source was hydrothermal brines that percolated into the porous sediments from the surrounding hot basalt pile [Lambert et al., 1978; Buick and Dunlop, 1990] . Several S-bearing species are associated with the North Pole barite deposit, including the bedded barite, the vein barite, and the pyrite laminae as well as the microscopic pyrites [Buick and Dunlop, 1990; Shen et al., 2001; Shen and Buick, 2004] .
S-isotopic results from North Pole barite deposits.
The δ 34 S data for sulfates are between +3.2‰ and +5‰ with an average of +4.3‰ [Lambert et al., 1978; Shen et al., 2001] ( Figure 4 ). The two reduced phases of sulfur produce contrasting signatures. The macroscopic pyrite laminae show slightly 34 S-depleted values between −0.9‰ and −3.5‰ with an average of −2.4‰ [Lambert et al., 1978; Shen et al., 2001] . While these pyrites could represent unfractionated volcanogenic sulfur, they are consistently more 34 S-depleted than is typical of younger volcanogenic sulfide deposits. However, they are not sufficiently 34 S-depleted to be definitely biological, so their origin is still equivocal [Buick and Dunlop, 1990; Shen and Buick, 2004] .
Most importantly, microscopic pyrites in the bedded barites are highly 34 S-depleted, with fractionations relative to coexisting sulfate ranging from 21.1‰ to 7.4‰, with an average of 11.6‰ [Shen et al., 2001] (Figure 4 ). These microscopic pyrites in bedded barites at North Pole are intimately associated with organic substrate in the form of kerogen [Buick and Dunlop, 1990] . In addition, the δ 34 S sulfide values, from −1.3‰ to −16.8‰, show a clear negative trend relative to the original sulfate and a wide spread about the mean, typically as the result of biological sulfate reduction. Moreover, isotopic fractionations are within the range observed for modern sulfate-reducers metabolizing with >1 mM sulfate, for which typical fractionation is 10‰ to 26‰ [e.g., Chambers and Trudinger, 1979] . Therefore, the results from North Pole barite deposits demonstrate that microbial sulfate reduction had evolved by ~3.47 Ga [Shen et al., 2001; Shen and Buick, 2004] .
The Early Archean Atmosphere and Oceans
As the sulfur cycle is involved in atmospheric oxygen regulation, Precambrian sulfur isotopic records over geological time have been used to help understand the evolution of atmospheric oxygenation [e.g., Canfield and Raiswell, 1999; Strauss, 2004] . It is generally accepted that the burial of biogenic pyrites as well as organic matter in marine sediments and the weathering of pyrites on the continents may primarily control the balance of atmospheric oxygen in a geological time scale. The qualitative relationship between atmospheric oxygen and seawater sulfate is through the oxidative weathering of sulfide minerals on the continents and the subsequent delivery of dissolved sulfate to the oceans. Accordingly, less oxidative weathering of sulfides and thus low concentrations of seawater sulfate would be consistent with lower levels of atmospheric oxygen [Hayes et al., 1992; Canfield and Raiswell, 1999; Shen et al., 2003] . By contrast, a sulfate-rich Archean ocean would provide supportive evidence for high Archean atmospheric oxygen concentrations [Ohmoto and Felder, 1987; Ohmoto et al., 1993] .
As discussed above, most Archean sedimentary sulfides older than ~2.7 Ga are characterized by low fractionations (<10‰). By contrast, the isotopic data from North Pole barite deposits show a large spread of δ 34 S values and large S-isotopic fractionations (Figure 4 ), and they provide strong evidence for that the metabolic process of biological sulfate reduction had evolved by 3.47 Ga. The differences between the North Pole deposit and other Archean sedimentary sulfides probably reflect environmental variations. The evaporite ponds at North Pole were localized oases of high sulfate concentrations maintained by evaporative concentration and hydrologic semi-isolation and containing organic electron donors derived from an indigenous stromatolitic microbiota Buick and Dunlop, 1990] . Thus, microbial sulfate reduction could operate under favorable conditions and consequently induce large isotopic fractionations. Accordingly, other Archean sedimentary sulfides characterized by small fractionations may have resulted from microbial sulfate reduction under low oceanic sulfate concentrations. The results from North Pole barite deposits thus support models of low atmospheric oxygen during the early Archean.
Evidence for low atmospheric oxygen in the Archean also comes from multiple S-isotopic data. Recent isotopic measurements of the stable isotopes δ 33 S and δ 36 S from Precambrian sulfides and sulfates show anomalous massindependent fractionation signature [Farquhar et al., 2000; Bekker et al., 2004; Ono et al., 2003; Mojzsis et al., 2003] . The photochemical experiments demonstrated that photochemical reactions of SO 2 and SO produce the S-isotopic signature similar to those observed from the Archean and early Proterozoic rocks [Farquhar et al., 2001] . Farquhar et al. [2001] suggest that those photochemical reactions could operate significantly only when the atmospheric oxygen is low. Therefore, mass-independent S-isotopic records from the Archean and early Proterozoic rocks indicate that gasphase atmospheric reactions may have played an important role in the Archean sulfur cycle and that the early Archean atmosphere was nearly free of oxygen [Farquhar et al., 2000] .
NITROGEN
Nitrogen in Silicate Rocks
Nitrogen occurs in silicate rocks mainly as ammonium (NH 4 + ) in two forms: exchangeable ammonium, adsorbed on the charged surfaces of clay minerals and representing organic nitrogen that has been decomposed in sediments most recently; and fixed ammonium, which is strongly bound in the lattice structure of K-bearing minerals, where it can replace K + ions [Honma and Itihara, 1981] . It is generally assumed that the 15 N/ 14 N ratio (expressed as δ 15 N) of latticebound ammonium is mainly constrained by the N-isotopic composition of organic nitrogen compounds that have been decomposed and partially transformed into ammonium during early diagenesis in sediments. Thus the δ 15 N of lattice-bound, or diagenetic, NH 4 + has the potential to function as a paleoindicator [Scholten, 1991] . First studies on ammonium as a bioindicator in Precambrian rocks were carried out in the late '80s [Schidlowski et al., 1983; Zhang, 1988; Sano and Pillinger, 1990] but not until recently did it became the focus of much attention [Boyd and Philippot, 1998; Beaumont and Robert, 1999; Boyd, 2001; Pinti, 2002; Jia and Kerrich, 2004a; Ueno et al., 2004; Papineau et al., 2005; Van Zuilen et al., 2005] . These studies added reliable data to the very poor data set of Precambrian N and initiated debates on the evolution of the nitrogen cycle on Earth [Beaumont and Robert, 1999; Dauphas, 2003, 2004; Jia and Kerrich, 2004b] .
The Nitrogen Biogeochemical Cycle in the Modern Ocean
For a better understanding of the N cycle in the past, one may need to look at the N cycling in modern marine environments ( Figure 5 ). The processes of ammonification ( Figure 5 ; "m"), nitrification ("n"), denitrification ("d"), and assimilation ("a") dominate the N cycle in the modern ocean. The kinetic fractionation of nitrogen resulting from this multi-step process produces an average δ 15 N = 5‰ for the dissolved organic nitrogen (DON; termed "Organic-N" in Figure 5 ) [Sigman et al., 2000; Sigman and Casciotti, 2001] .
Atmospheric N 2 enters the marine nitrogen cycle via the process of biological N 2 fixation ("f " in Figure 5 ). N 2 -fixing organisms incorporate molecular nitrogen with little isotopic fractionation [ε = −3 to +1; Fogel and Cifuentes, 1993] . The energetically more favorable and more common form of N uptake is the consumption of fixed (or biologically available) 6 BIOGEOCHEMICAL CYCLES OF SULFUR AND NITROGEN IN THE ARCHEAN OCEAN AND ATMOSPHERE Figure 5 . Schematic nitrogen cycling in marine and deep-sea hydrothermal environments. Isotopic shifts of nitrogen for the produced species are expressed by the symbol ε = (k 15 /k 14 − 1)*1000 and are from compilations of Fogel and Cifuentes [1993] ; Sigman and Casciotti [2001] ; and M. Lehmann (internal compilation of data). The measured δ 15 N values (outlined in the figure) are from chemosynthetic prokaryotes [Colaço et al., 2002; Van Dover, 2002; Van Dover and Fry, 1994; Van Dover et al., 2001; Kennicut and Burke, 1995; Conway et al., 1994] ; invertebrates [Burd et al., 2002; Van Dover, 2002; Van Dover and Fry, 1994; Conway et al., 1994] ; deep-ocean N 2 [Kennicut and Burke, 1995] ; mantle nitrogen [Marty et al., 1991; Marty and Humbert, 1997; Marty and Zimmermann, 1999] ; and ammonium in marine sediments derived from biological fixation [Rau et al., 1987] and from nitrification/denitrification processes [Peters et al., 1978; Sweeney et al., 1978; Muzuka et al., 1991; Holmes et al., 1996a, b; De Lange, 1998; Cowie et al., 1998; Milder et al., 1999; Sadofsky and Bebout, 2004] . Symbols: f, fixation; m, mineralization; n, nitrification; d, denitrification; a, assimilation (called also uptake); s, sedimentation; dg, diagenesis.
nitrogen. Primary producers utilize (assimilate) various forms of fixed N, but nitrate (NO 3 − ) is by far the dominant species of fixed N in the modern ocean. The biological isotope fractionation associated with nitrate uptake (or nitrate assimilation; "a" in Figure 5 ) has been shown to be variable in laboratory experiments, but estimates for natural marine environments indicate a relatively constant N isotope effect of 4-6‰ [e.g., Sigman and Casciotti, 2001] .
The transformation of organic-N back to nitrate is a multistep process. Organic matter degradation and mineralization ( Figure 5 ; "m") refers to the enzymatic breakdown of organic matter into short-chain organic compounds (e.g., amino acids, proteins) and the subsequent release of ammonium (ammonification; "a"). Remineralization of organic N to ammonium is not associated with any significant nitrogen fractionation [ε ≤ −5 to +0; Sigman and Casciotti, 2001] . Then, under aerobic conditions, NH 4 + is rapidly oxidized to nitrite (NO 2 − ) and subsequently to nitrate (NO 3 − ) in a twostep process called nitrification ( Figure 5 ; "n"). Casciotti et al. [2003] reported a significant isotopic fractionation for nitrification (ε = −17‰). Nitrate that has been produced during the remineralization of organic matter can be transported to surface waters, where it is available for re-uptake by phytoplankton.
In suboxic environments, nitrate is stepwise reduced to N 2 O and/or N 2 by heterotrophic bacteria that can use NO 3 − as an alternative electron acceptor when O 2 is not readily available (denitrification; Figure 5, "d" ). An important aspect of denitrification, and highly relevant for the marine N budget, is that it produces gaseous forms of N that escape to the atmosphere, making it the most important sink of fixed nitrogen in the ocean [e.g., Codispoti et al., 2001; Lehmann et al., 2004] . Similar to nitrate-assimilating algae, denitrifying bacteria preferentially use 14 NO 3 − ; the gaseous N 2 and N 2 O products are thus depleted in 15 N, whereas the residual dissolved NO 3 − becomes enriched in 15 N. Yet, at least in the open marine environment, denitrification produces a much larger isotope effect (ε = −25‰) than nitrate assimilation [Cline and Kaplan, 1975; Sigman et al., 2003; Lehmann et al., 2004] , which is responsible for the enrichment in 15 N of oceanic nitrate (relative to atmospheric nitrogen).
The mean δ 15 N of nitrate in the ocean is +5‰. In most surface waters the nitrate supply from below is almost completely utilized by primary producers, with the consequence that the δ 15 N of the sinking flux (and of sedimentary organic matter prior to diagenetic changes) will be close to 5‰. Indeed, marine sediments seem to have a relatively constant bulk δ 15 N value of +5‰ to +7‰, similar to that of seawater nitrate [Peters et al., 1978] .
The fate of organic-N in sediments depends largely upon redox conditions. In aerobic surface sediments, NH 4 + from organic matter degradation is readily converted to NO 3 − .
Deeper in the sediment column, where sediments are anaerobic ( Figure 5 ), the ammonium is not rapidly oxidized by nitrifying bacteria (although anaerobic oxidation of ammonium is also possible). During diagenesis ( Figure 5 ; "dg"), NH 4 + is partially adsorbed to, or fixed in, clay minerals, such as illite or smectite [Williams et al., 1995] or replaces K + in the lattice structure of biotite, muscovite, or K-feldspar [Honma and Itihara, 1981] . The isotopic ratio of fixed NH 4 + in minerals depends on the balance between N fluxes involved in the sediments and at the sediment-water interface (nitrification, anaerobic ammonium oxidation, and the simple efflux of ammonium out of the sediments) but is most likely higher (δ 15 N = +10‰ to +20‰) than the original organic-N isotopic signature (δ 15 N = +5‰) because of the partial NH 4 + oxidation within the sediment [Lehmann et al., 2004] . It is generally assumed that diagenesis does not significantly change the N isotopic signature in sediments and that the δ 15 N sediment reflects the δ 15 N of porewater NH 4 + and, possibly, the δ 15 N of sedimentary organic matter [e.g., Boyd, 2001] . Whether the isotopic composition of mineral-phase associated N also reflects primary isotope signals recorded during biosynthesis in the ocean water column remains unclear. Recent work by Lehmann et al. [2002] showed that a slight negative isotope shift of 3‰ occurs during microbial degradation of organic matter during suboxic early sedimentary diagenesis, but early diagenetic N isotopic shifts towards more positive values have also been reported [Freudenthal et al., 2001] .
The dominant source of energy driving biochemical cycles in the ocean is the sunlight. However in certain marine environments, such as deep-sea hydrothermal vents, microbial chemoautotrophic primary production can replace photosynthesis [Conway et al., 1994 and references therein] . The term chemosynthesis, or more correctly chemoautolithotrophy, describes the synthesis of organic carbon compounds from CO 2 using energy and reducing power derived from the oxidation of inorganic compounds, such as H 2 S, S 2 O 3 , CH 4 , H 2 and NH 4 + , which support microbial chemosynthesis [Jannasch and Mottl, 1985] . In deep-sea hydrothermal vents at Mid-Ocean Ridges (MOR), reactions of seawater with crustal rocks at high temperatures produce the reduced chemical species used as the source of energy for reduction of CO 2 to organic carbon. Here, the predominant metabolic process could be N-fixation [ Figure 5 ; Kennicut and Burke, 1995] . The N isotopic signature of the biomass produced by chemosynthetic processes is significantly depleted in 15 N. Typical δ 15 N values of microbial mats at MOR range from −9.6‰ to +0.9‰ [ Figure 6 ; Van Dover and Fry, 1994; Noda et al., 2002; Kennicut and Burke, 1995; Conway et al., 1994; and Colaço et al., 2002] . Numerous invertebrate species that feed on vent-associated microorganisms display equally 15 N-depleted isotope signatures [δ 15 N from −12‰ up to +6‰; Van Dover and Fry, 1994] . This organic matter may leave its light N isotopic signature in the NH 4 + adsorbed to, or trapped in, vent-associated clay minerals [Lilley et al., 1993] or by exchange with rocks during hydrothermal circulation [Orberger et al., 2005a] . The NH 4 + found in clay minerals of altered (i.e., ion exchange during hydrothermal water-rock interaction), volcanic rocks at the Suiyo Seamount, shows δ 15 N values ranging from −14.7‰ to −10.5‰ [Noda et al., 2002] . These values are in the range of those observed in chemosynthetic assemblages around hydrothermal vents, suggesting that primary organic-N isotopic signatures can be preserved even in heavily altered rocks. However, the strongly 15 N-depleted isotopic signature of chemosynthetic primary producers remains unexplained [Kennicut and Burke, 1995] . If metabolic processes were controlled by biological N 2 -fixation, we would expect only small isotope N isotope fractionation ( Figure 5 ). Rau [1981] suggested that the inorganic N source used by microbial producers in vent environments is mantle-N, which is known to be 15 N-depleted [−6‰ to −1.8‰; Marty and Zimmermann, 1999; Sano et al., 1998; Cartigny et al., 1997; 1998b; and Figure 6] . Given a negligible isotope effect for the fixation of N 2 , a pure mantle N source can barely explain the observed negative δ 15 N values of the chemosynthetic ecosystems [as low as −12‰; Conway et al., 1994] . As a consequence, if the N 2 that is fluxing out of hydrothermal vents indeed reflects N from the upper mantle (δ 15 N = −3 ± 2‰), either the isotope fractionation for N 2 -fixation by chemolithotrophs is significantly higher than assumed previously, or a dissolved N pool other than N 2 (possibly NH 4 + ) serves a primary N source for biosynthesis in vent systems. Few and contrasting isotopic analyses are available for N, N 2 or NH 4 + at MOR vents. Lilley et al. [1993] reported a δ 15 N (NH4+) value of +12.4‰ for the Endeavor segment of the Juan de Fuca Ridge. Hydrothermal fluids from hot springs in Iceland show δ 15 N values for nitrogen as low as −10.5‰ [Marty et al., 1991] . Further studies of the biochemical cycles at MOR are needed to elucidate the ultimate sources of N and the isotopic fractionation processes during chemosynthesis. Beaumont and Robert [1999] 15 N values up to +15‰ in the Proterozoic. The marked change of the N isotopic signature of organic matter between the Archean and the Proterozoic has been interpreted to be the result of major environmental changes. More precisely, the beginning of the Proterozoic corresponds roughly to the Great Oxidation Event (Holland, 2002; and references therein) , where both the atmosphere and oceans became sufficiently oxygenated to allow for the biological production of NO 3 − and its use as a nitrogen source during biosynthesis. In the Archean, the fixation of atmospheric nitrogen (with little or no fractionation) may have dominated the biological cycle of N [Beaumont and Robert, 1999] .
N isotopic Fractionation in Archean Organic Matter and Ancient Metabolisms
Since then, new nitrogen data have been obtained, complicating the scenario. Figure 6 shows the frequency distribution of the isotopic composition of organic-N extracted from kerogen and graphite preserved in cherts and banded iron formations (BIF) of Archean and Proterozoic ages and, for comparison, from organic matter in recent marine sediments and Phanerozoic marine black shales. We further compiled existing data on the N isotopic composition of organic matter (microbial mats, symbiontic invertebrates, zooplankton) from Karei, Indian Ridge; Lucky Strike, MAR; Gorda, Endeavour Site on the Juan de Fuca Ridge; Juan de Fuca flange; and Suiyo Seamount, Izu-Bonin; and in ammonium from various hydrothermal vent environments (Figure 6) .
In this review, we treated Precambrian nitrogen isotopic data derived from "fossil" organic matter (kerogens) contained SHEN ET AL. 9 Figure 6 . Frequency distributions of the N isotopic composition of Precambrian organic matter (OM) from kerogens, compared to OM in terrestrial reservoirs of actual, subactual, or Phanerozoic age. Isotopic compositions of inorganic-N (metamorphic and magmatic) are also plotted. Gaussian curves superimposed on the frequency distribution represent the normal distribution centered on the mean value of each dataset (histograms and Gaussian curves calculated with StatView 5.0  ). When compared to the observed distribution histograms, Gaussian curves are helpful in evidencing asymmetries or plurimodal distributions. Data sources: marine sediments [Peters et al., 1978; Sweeney et al., 1978; Muzuka et al., 1991; Holmes et al., 1996a, b; De Lange, 1998; Cowie et al., 1998; Milder et al., 1999; Sadofsky and Bebout, 2004] ; Cretaceous marine black shales [Rau et al., 1987] ; Eoarchean and Paleoarchean OM [Schidlowski et al., 1983; Beaumont and Robert, 1999; Ueno et al., 2004; Van Zuilen et al., 2005] ; Neoarchean and Proterozoic OM [Jia and Kerrich, 2004a; Beaumont and Robert, 1999; Schidlowski et al., 1983] ; chemosynthetic bacteria [Van Dover and Fry, 1994; Van Dover, 2002; Colaço et al., 2002] ; chemosynthetic invertebrates [Burd et al., 2002; Van Dover, 2002; Van Dover and Fry, 1994; Conway et al., 1994] ; ammonium from Iceland hot springs [Marty et al., 1991] ; and ammonium from MOR vents [Lilley et al., 1993] . Data sources for upper mantle sampled by diamonds: Cartigny et al. [1997 Cartigny et al. [ , 1998a , Javoy et al.[1986] , Boyd et al. [1987] , and Boyd and Pillinger [1994] ; sources for sampling by MORBs: Marty and Humbert [1997] , Marty and Zimmermann [1999] , and Sano et al. [1998] . in rocks that have been slightly metamorphosed to prehnite-pumpellyite or lower greenschist facies. Nitrogen data derived from mica separates and/or from rocks that have been affected by higher degree of metamorphism (amphibolite facies) have been avoided because they are largely affected by "devolatilization", which produces a preferential release of 14 N from the host rock and a consequent increase of the δ 15 N (see Boyd and Philippot [1998] , , and Dauphas and Marty [2004] for a large treatment on the preservation of N in Precambrian rocks and minerals). In the case of Eoarchean rocks from the Isua Supracrustal Belt, West Greenland, a vigorous debate is underway on the biogenicity of the carbonaceous material preserved in these rocks [Papineau et al., 2005; Van Zuilen et al., 2002 . Here, we reported N data only from graphite preserved in a rock of Isua (sample AL43-3; Van Zuilen et al. [2005] ), which seems to represent ancient biogenic material [Rosing, 1999] .
Eo-paleoarchean (3.8-3.2 Ga) organic matter exhibits a bimodal distribution of its N isotopic composition, with δ 15 N values being measured around −3.6‰ and +4.3‰, respectively (average δ 15 N = 0.041‰; Figure 6 ). Nitrogen from Neoarchean organic matter (3.2-2.5 Ga) is much more 15 N-enriched, with a δ 15 N mean value of +10.8‰. Some Neoarchean rocks, particularly BIFs, show an extreme enrichment in 15 N (δ 15 N ≥ +35‰). The frequency distribution of organic matter for the Proterozoic shows again a decrease in the δ 15 N, with an average of +5.6‰, close to the value of nitrates in the modern ocean ( Figure 5 ). Figure 7 shows the N isotopic composition measured in organic matter versus the age of deposition of the host rocks, from Eoarchean to the end of Proterozoic, and illustrates well the change from an Eo-paleoarchean dominated by 15 N-depleted organic matter, to largely positive δ 15 N at the end of the Neoarchean and then again slowly reaching δ 15 N values close to +5‰ at the end of Proterozoic.
The positive shift in the N isotopic composition of OM is reached before the Great Oxidation Event (Figure 7) , and thus the direct relationship suggested by Beaumont and Robert [1999] between the oxygenation of the Earth and the isotopic change of N seems to be ephemeral. Yet, this shift is produced during the largest deposition of BIFs ever on Earth, between 2.7 and 2.6 Ga [Isley and Abbott, 1999; Figure 7] . The deposition of BIFs requires the presence of oxygen in the ocean, although in very limited amounts, likely 0.1-1% of the PAL [Isley, 1995] . If these conditions were sufficient to have nitrates in the ocean, also in limited amounts, we could speculate that these elevated values were obtained by local metabolic pathways, such as chemosynthesis in microbial mats, where N, as nitrate, was incorporated and used as an electron source. Another hypothesis is that, as observed sometimes throughout the recent Earth history, enhanced denitrification may have shifted the δ 15 N of oceanic nitrate towards elevated values, which are then recorded by organic matter in marine sediments [Altabet et al., 2002; Altabet and Francois, 1994] . The degree of kinetic isotopic fractionation of N depends also on the capacity of supply nitrates as a reactant. In the first case (steady-state model) the isotopic shift of the N product will be much lower than in the case of a closed system, for which the isotopic shift can be described in terms of Rayleigh fractionation kinetics [Sigman and Casciotti, 2002] . In an Archean ocean containing limited amounts of nitrates, the nitrification-denitrification-assimilation process could have easily produced a higher isotopic shift than that observed in the modern ocean, because of the earlier scarceness of nitrates as a reactant (closed system's model). With the formation of a quantitative global nitrate pool in response to the oxygenation of the ocean at the beginning of the Proterozoic, the emergence of microbial processes that led to the enrichment in δ 15 N in the nitrate pool and to a continuous supply of nitrates, the isotopic shift during nitrification-denitrification-assimilation would have decrease to the modern average value of +5‰ (Figure 7) . Jia and Kerrich [2004a, b] challenged recently the hypothesis of Beaumont and Robert [1999] , suggesting that the high Archean δ (δ 15 N = 30-42‰), used by microorganisms in their metabolic synthesis. It is difficult to assume that a residual atmosphere of chondritic composition lasted half of the Earth's history without being recycled and its isotopic composition modified [Dauphas and Marty, 2004] . Major volatiles have been added to the Earth in the first 100 Ma of its history [e.g., Morbidelli et al., 2000; Dauphas and Marty, 2002; Pinti, 2005] . The Hadean was a tectonically very active era, with the entire atmosphere-ocean system possibly recycled through the mantle in less than 150 Ma [Pinti, 2005] . Yet, the presence of a residual, slightly 15 N-enriched (+3 to +5‰) very early atmosphere is an attractive hypothesis that could explain, through the processes of biological fixation of atmospheric nitrogen, the high Eo-Paleoarchean δ 15 N values centered on +4.3‰ (Figure 6 ), but certainly not the low values down to −7.4‰ (Figure 6; ). The redox state of the depositional environment affects also the isotopic composition of sedimentary N. Organic matter preserved in an anoxic or sub-oxic marine environment, such as the Archean ocean, contains large amounts of N supplied by microbial fixation rather than derived from assimilation of nitrates and always exhibits low δ 15 N [e.g., Cowie et al., 1998] . A Phanerozoic analogue of anoxic Archean oceanic sediments is likely the Cretaceous black shales of Rau et al. [1987] . Yet, this organic matter exhibits δ 15 N values that are, if at all, only slightly negative ( Figure 6 ). Alternatively, the 15 N-depleted values measured in Eo-Paleoarchean organic matter may be explained by the significant contribution of biomass from chemosynthetic microbial activity, using light ammonium and/or mantle N as their nitrogen source . A dominant mantle N source in the ocean cannot be ruled out at that time. There are indeed numerous geochemical evidences that the chemistry of the Archean ocean was buffered by the mantle and sea-floor hydrothermal water-rock interactions [e.g., Pinti, 2005; and references therein] .
The origin of the Archean rocks from which the organic matter was extracted (mainly cherts) suggests a genetic link with the mantle. Archean cherts are sedimentary rocks chiefly composed of micro-and cryptocrystalline quartz, often deposited in association with submarine exhalative hydrothermal activity [de Wit et al., 1982; Paris et al., 1985; Sugitani, 1992; Kato and Nakamura, 2003; Orberger et al., 2005b] . In Figure 8 , we plotted the argon and nitrogen isotopic composition of MORBs (which contain N and Ar extracted from the upper mantle) and those measured in the kerogeneous cherts-samples PANO C-85 and PANO D-136-00 (see and Orberger et al. [2005] for details on these samples)-from dykes of North Pole representing hydrothermal veins at MOR [Van Kranendonk et al., 2001; Nijman et al., 1998] [Sano et al., 1998] . The N and Ar isotopic composition of the cherts from North Pole is very close to that of pure mantle component (Figure 8) . Recently, we performed additional N and Ar measurements on cherts within pillow basalts at the roots of the hydrothermal dykes of North Pole Dome, confirming the presence of this component with a δ 15 N of −6.4‰ ± 1.7‰ and a 40 Ar/ 36 Ar ratio up to 30,000 (sample Pi-47-00; Pinti et al., 2003, and in prep.) . The isotopic similarity of N to mantle signatures is in agreement with the hypothesis of chemosynthetic bacteria using mantle N at hydrothermal vents, as primary contributors to the organic matter pool in the Eo-Paleoarchean.
The most convincing evidence of a dominant role of chemosynthesis as metabolic pathway in the EoPaleoarchean is when the N and C isotopic compositions of organic mater at that time are plotted together ( Figure 9 ). Their isotopic composition is distinct from those measured in Phanerozoic black shales or in organic matter from recent marine sediments, but it is in the range of those measured in chemosynthetic communities. The highly 13 C-depleted signature of Archean organic matter may be explained by SHEN ET AL. 11 Orberger et al.[2005b] for details on these cherts). The atmosphere, upper mantle, and recycled sediments end-members (gray stars) are plotted following values proposed by Sano et al. [1998] .
autothrophic fixation of seawater-dissolved inorganic carbon [Conway et al., 1994] or, in some particular environment, from microbial methanotrophy [Ueno et al., 2004] .
The similarity between the Archean and the present-day N and C isotopic composition of hydrothermal vent organisms (Figure 9 ) supports the general idea that life at the hydrothermal vents represents the best modern natural analogue for life on the early Earth . On the other hand, we cannot exclude other forms of microbial life at that time. How Archean ecosystems functioned is still a matter of debate. Nisbet and Fowler [2004] suggested a diversification of the ecosystems as we observe it on today's Earth with oxygenic photosynthetic mats, stromatolites, and cyanobacterial plankton at the surface of the ocean, and anoxygenic photosynthesizers, methanogens at depth, and hyperthermophiles (cf. and likely chemosynthesizers) at MOR. The bimodal distribution of the N isotopic composition during Eo-Paleoarchean seems to support such a diversification of ecosystems; with anoxygenic photosynthesizers producing 15 N-enriched organic matter, via microbial fixation, and chemolithoautotrophs producing 15 N-depleted biomass.
There are also alternative pathways to denitrification, such as Anaerobic AMMonium Oxidation the so-called "anammox", that could have been predominant in earlier times [Nisbet and Fowler, 2004] and that could explain some of the observed values measured in the Archean kerogens. We would like to spend few words on the high isotopic shifts observed in nitrogen from BIFs (Figure 7) . Beaumont and Robert [1999] 15 N values up to 21.4‰ in 2.49 Ga Dales Gorge member BIFs, Pilbara craton, Western Australia. These high N isotopic ratios are hard to explain by biological cycling of a residual 15 N-rich atmosphere or enhanced denitrification during first oxygenation of the ocean, at the end of the Archean. A possible mechanism to explain the contemporary deposition of iron oxides/oxy-hydroxides and an isotopic fractionation of residual dissolved nitrogen towards higher δ 15 N values (which, through microbial uptake, would then leave its isotopic signature in the preserved biomass) could be the nitrate-dependent microbial oxidation of ferrous (II) to ferric (III) iron [Straub et al., 1996] . This can take place in anaerobic conditions by light-independent, chemotrophic microbial activity [Straub et al., 1996] , by reactions such as: 
This process probably has a similar effect on the isotopic composition of residual nitrate as that of denitrification processes, but unfortunately there is not yet experimental knowledge on the isotopic fractionation during iron oxidation processes, to confirm this hypothesis.
CONCLUSIONS
In this review, we show how isotopic records of sulfur and nitrogen help us understand ancient metabolic processes as well as early ocean and atmospheric chemistry. Sulfur isotopic data from North Pole barites indicate that sulfatereducing metabolism had already evolved by 3.5 Ga. The differences in the δ 34 S between North Pole deposits and other Archean sedimentary sulfides probably reflect environmental variations. The North Pole evaporite ponds were localized oases of high sulfate concentrations. Thus, biological sulfate reduction could operate under favorable conditions, producing larger isotopic fractionations. Other early Archean sedimentary sulfides may have resulted from biological sulfate reduction under low ocean sulfate concentrations, implying a low oxygen environment. Beaumont and Robert, 1999; Ueno et al., 2004; ] against the isotopic composition of organic matter preserved in modern marine and deep-sea ecosystems. Data sources are: marine sediments [Peters et al., 1978; Muzuka et al., 1991; Holmes et al., 1996a, b; De Lange, 1998; Sadofsky and Bebout, 2004] ; Cretaceous marine sediments (black shales) [Rau et al., 1987] ; and chemosynthetic bacteria [Van Dover and Fry, 1994; Colaço et al., 2002] .
Nitrogen isotopic composition of Paleoarchean kerogens from Pilbara and Barberton show a bi-modal distribution centered around the δ 15 N values of −3.6‰ and +4.3‰, respectively. The occurrence of a global Archean anoxic ocean buffered by the mantle [Pinti, 2005] could explain these values: The oceanic N pool could have been dominated by ammonium derived from biological fixation of atmospheric N 2 , operated by anoxygenic photosynthesizers and mantle N, possibly in the form of ammonium, metabolized by chemolithotroph organisms living at proximity of hydrothermal vents.
